-We investigated water drinking and arterial blood pressure responses to intravenous infusions of ANG II in young (4 mo), middle-aged adult (12 mo), and old (29 mo) male Brown Norway rats. Infusions of ANG II began with arterial blood pressure either at control levels or at reduced levels following injection of the vasodilator minoxidil. Under control conditions, mean arterial pressure (MAP) in response to ANG II rose to the same level for all groups, and middle-aged and old rats drank as much or more water in response to ANG II compared with young rats, depending on whether intakes were analyzed using absolute or body weight-adjusted values. When arterial blood pressure first was reduced with minoxidil, MAP in response to ANG II stabilized at significantly lower levels compared with control conditions for all groups. Young rats drank significantly more water under reduced pressure conditions compared with control conditions, while middleaged and old rats did not. Urine volume in response to ANG II was lower, while water balance was higher, under conditions of reduced pressure compared with control conditions. Baroreflex control of heart rate was substantially reduced in old rats compared with young and middle-aged animals. In summary, young rats appear to be more sensitive to the inhibitory effects of increased arterial blood pressure on water drinking than are older animals.
ELDERLY PEOPLE HAVE DISORDERED sensations of thirst, and do not drink enough water in response to dehydration to fully replenish body water (9, 16, 17, 21, 22) . Like elderly humans, old animals fail to drink adequately in response to several experimental thirst challenges (18, 19, 24 -26, 33, 34) . For example, we have noted a striking deficiency in the drinking response to hypotension in old rats (30) . Hypotension causes thirst in rats primarily by stimulating the release of renal renin and subsequent formation of ANG II in the circulation (18, 20) . Old rats secrete considerably less renin in response to most stimuli than younger animals (4 -6, 25 ) and therefore may not generate dipsogenic levels of ANG II during hypotension. Additionally, it is possible that old rats do not adequately sense the levels of ANG II that are produced during thirst challenges and may have elevated levels of factors such as atrial natriuretic peptide that are known to inhibit drinking (15) .
The administration of exogenous ANG II, whether by subcutaneous bolus or intravenous infusion, produces drinking in rats (8, 19, (23) (24) (25) 28) . In addition, administration of exogenous ANG II produces a marked pressor response that is capable of inhibiting drinking (8, 23, 28) . Specifically, the sensing of increased arterial blood pressure by baroreceptor mechanisms attenuates drinking responses (28) . Animals drink more during administration of ANG II when levels of arterial pressure are reduced by coadministration of hypotensive drugs (8, 23, 31, 32) . Old rats, like elderly humans, have severely impaired baroreflex buffering of heart rate (HR) responses (10, 11, 13) . This suggests that sensing of ANG II-induced increases in arterial blood pressure could differ with age and thereby have different effects on the amount of water consumed. Previous studies of age-related drinking in response to ANG II did not record arterial blood pressure (19, 24 -26) . Therefore, in the present work, we examined age-related drinking responses to ANG II and simultaneously measured arterial blood pressure in the same animals. In addition, we examined whether reducing levels of arterial blood pressure during administration of ANG II resulted in additional drinking by old animals, as has been shown to occur in young animals. We delivered ANG II continuously by intravenous infusion under conditions in which arterial pressure was allowed to rise freely and also under conditions in which arterial pressure was initially reduced by prior administration of the hypotensive drug minoxidil. The vehicle solution included the angiotensin converting enzyme inhibitor captopril to prevent contributions of endogenously formed ANG II to the observed drinking and pressor responses (8, 23, 31) .
METHODS

Animals.
Male Brown Norway rats aged 3 mo (young), 11 mo (middle-aged adult), and 28 mo (old) were obtained from Harlan (Indianapolis, IN) through services provided by the NIH's National Institute on Aging. A separate group of male Sprague-Dawley-derived rats (4 mo) also was obtained from Harlan. All rats were housed singly in hanging stainless steel cages in a temperature-controlled room (23°C) on a 12:12-h light-dark cycle. They received ad libitum access to standard Teklad Rodent Diet and tap water. Brown Norway rats were allowed 1 mo for adaptation and were tested at 4, 12, and 29 mo of age, respectively. Sprague-Dawley rats were tested within 2 wk of receipt. All procedures were approved by the University of Iowa Institutional Animal Care and Use Committee.
Drugs. Captopril (Sigma-Aldrich, St Louis, MO) was dissolved in sterile 0.9% NaCl (2.5 mg/0.6 ml) immediately before each experiment. The infusion rate was 0.6 ml/h, yielding 2.5 mg per 0.6 ml/h. Minoxidil (Sigma-Aldrich) was dissolved in propylene glycol for a stock solution of 20 mg/ml. It was administered as an intravenous bolus in a range of doses (0.5-1.5 mg/kg body wt). ANG II (SigmaAldrich) was dissolved in isotonic saline (50 ng/l) and stored frozen in small aliquots. Fresh samples were thawed before each experimental session and diluted with captopril solution, which served as the vehicle, for intravenous infusion at a dose of 50 ng·kg body wt Ϫ1 ·min Ϫ1 .
Catheter surgery. Rats received femoral venous and arterial catheters under halothane anesthetic for drug injections and measurement of arterial pressure, respectively. Both catheters were made from polyethylene tubing (PE-50) ϳ20 cm in length that was heat-welded to a shorter piece of PE-10. The PE-10 was inserted into the vessel and advanced 3.5 cm for arterial lines and 3.0 cm for venous lines. The catheters were tunneled under the skin, secured between the scapulae, and exited at the base of the neck. When not in use, the catheters were filled with heparinized saline (200 U/ml) and plugged with 23-gauge obturators. Rats were allowed 2-3 days of recovery from surgery before testing.
Blood pressure recording. The analog signal from a Cobe pressure transducer was processed by a CED 1401 laboratory interface (Cambridge Electronics Design, Cambridge, UK) using Spike 2 software (Cambridge Electronics Design) on a Dell Optiplex GX620 Pentium D computer. The data were analyzed by a script file that used the digitized pulsatile pressure to calculate mean arterial pressure (MAP), heart rate (HR), and systolic and diastolic pressures. The data were averaged over 1, 5, or 10 min bins. Initial, or starting, MAP and HR were determined using the last 30 min of the baseline period, i.e., before the bolus injections of vehicle or minoxidil, and was the average of three 10-min bins.
Urine analysis. Urine was collected and the volume (UV) was measured. Relative water balances were calculated by subtracting UV from water intake.
Procedure. The test cages were wooden with aluminum-lined interiors (24 ϫ 29 cm) that extended 31 cm above suspended, stainless steel metabolism cages. On the morning of testing, rats were brought to the experimental room, weighed, connected to arterial and venous lines with lengths of PE-50 tubing, and placed in the test cages. The arterial lines were connected to pressure transducers and arterial blood pressure was recorded continuously. The venous lines were connected to syringes filled with vehicle (captopril solution) that were secured in infusion pumps (model 22; Harvard Apparatus). The pumps were running so infusions (0.6 ml/h) began as soon as the lines were connected. The vehicle contained captopril to prevent endogenous formation of ANG II during testing and thus clamp circulating levels of ANG II to those provided exclusively by infusion (8, 23, 31) . Chemical burettes filled with water were attached to the front of the cages.
Rats were allowed 1 h to adjust after being connected to the arterial and venous lines, and then they received bolus intravenous injections over ϳ30 s of propylene glycol (100 -210 l, i.e., control condition) or minoxidil solution (0.5-1.5 mg/kg body wt, i.e., reduced pressure condition). (The intravenous line was momentarily disconnected from outside the metabolism cage to allow injection of the bolus and attachment of another line that contained ANG II in captopril solution. This was timed to allow the vehicle or minoxidil bolus and new infusate to clear the dead space at the appropriate time.) Infusions of ANG II began 1 h after the bolus intravenous injections, and water intakes were recorded every 30 min for 3 h. Each rat received intravenous ANG II under both treatment conditions in two tests separated by 2-4 days. The order of treatment conditions was approximately counterbalanced. Water intakes in the hour after the intravenous bolus and before start of intravenous ANG II were small (average all runs: 0.9 Ϯ 0.1 ml/h) and were not considered in the analysis.
Blockade of angiotensin converting enzyme. A small preliminary study tested the effectiveness of captopril treatment in preventing endogenous formation of ANG II during testing. A mixed group (young, n ϭ 4; middle-aged, n ϭ 2) of Brown Norway rats was instrumented with arterial and venous catheters. On the morning of testing, they were placed in the test cages and attached to arterial and venous lines as described above. They were infused intravenously with isotonic saline (0.6 ml/h) for 1 h and then tested for pressor responses to bolus intravenous injections of ANG I (50, 100, and 200 ng/kg body wt) and ANG II (50 and 100 ng/kg body wt). Then the infusate was switched to captopril solution (2.5 mg/0.6 ml) and the animals were retested for pressor responsiveness 1 h later.
Subcutaneous delivery of ANG II. In a separate test using SpragueDawley-derived rats, we injected ANG II as a subcutaneous bolus to compare the pattern of arterial pressure and HR changes to those obtained in response to continuous intravenous administration. Our dose was 200 g/kg body wt, which is typical of doses employed in previous work from several laboratories assessing age-related drinking responses to ANG II (19, 24 -26) .
Statistical analysis. Data were analyzed by one-way or repeatedmeasures ANOVA. Analysis of the drinking data was conducted on the raw, noncumulated measures at each time point (12) . Planned comparisons were made with Fisher's least-significant difference tests when the global F ratio was significant or with Bonferroni tests when the global F ratio was not significant. Values were considered significant at the P Ͻ 0.05 level. The results are expressed as means Ϯ SE.
RESULTS
The preliminary study established the effectiveness of captopril treatment in preventing endogenous formation of ANG II. During control infusions of isotonic saline, injections of ANG I caused dose-related increases in MAP (Fig. 1) . After 1 h of captopril treatment, pressor responses were nearly abolished at the two lower doses of ANG I and were significantly reduced (80 -90%) at the highest dose of ANG I. Captopril treatment did not affect the dose-related pressor responses to injections of ANG II. Therefore, the captopril treatment substantially prevented conversion of ANG I to ANG II within the systemic circulation without impairing vascular reactivity to ANG II.
To assess drinking behavior across the ages at comparable differences in levels of MAP between the treatment conditions, we established a criterion that each animal must have at least 20 mmHg differences in the ANG II-induced levels of MAP between the treatments to be included in the analysis. Using this criterion, results from one middle-aged rat and seven old rats were excluded from the analysis. The final group numbers for the main experiment were young, n ϭ 8; middle-aged, n ϭ 8; and old, n ϭ 5 rats. Initial body weight was significantly different between ages (the means Ϯ SE were: 306 Ϯ 9, 402 Ϯ 12, and 460 Ϯ 11 g at 4 mo, 12 mo, and 29 mo, respectively; F 2,18 ϭ 38.98, P Ͻ 0.001). Therefore, water intake was analyzed as rate of intake, i.e., milliliters per 30 min of testing, both as absolute and as body weight-adjusted (i.e., ml/100 g) measures. We used a two-way mixed-model ANOVA with time and treatment condition (i.e., with or without the minoxidil bolus) as within-subjects repeated-measures and age as the between-subjects variable. Analysis of the absolute intakes revealed that the highest rates of intake occurred in the first 30 -60 min of the experimental sessions (time main effect, F 5,90 ϭ 15.48, P Ͻ 0.001). A main effect of age (F 2,18 ϭ 5.49, P Ͻ 0.05) revealed that young rats drank significantly less during testing than middle-aged and old rats, which did not differ in the amounts of water they drank. There was no main effect of treatment, and there were no significant interactions. However, planned contrasts revealed that young rats drank more in response to ANG II after pretreatment with minoxidil, when arterial pressure was initially reduced, than under control conditions, while middle-aged and old rats did not. When water intakes were adjusted for body weight, there were significant main effects of time (F 5,90 ϭ 16.99, P Ͻ 0.001) and treatment (F 1,18 ϭ 4.66, P Ͻ 0.05) but not of age, and there was a significant treatment times age interaction (F 2,18 ϭ 4.14, P Ͻ 0.05). The body weight-adjusted drinking data are shown in Fig. 2 as cumulative intakes. As with the prior analysis, the highest rates of intake were in the first 30 -60 min of testing. The interaction effect revealed that young rats drank significantly more water in response to infusions of ANG II after pretreatment with minoxidil than without minoxidil, while middle-aged adult and old rats did not.
The MAP and HR responses, averaged over 10 min bins, are presented in Fig. 3 and Table 1 . For MAP, there were significant main effects of treatment (F 1,18 ϭ 85.07, P Ͻ 0.001) and time (F 2,36 ϭ 446.57, P Ͻ 0.001) and a significant time ϫ treatment interaction (F 2,36 ϭ 94.08, P Ͻ 0.001). Initial levels of MAP were equivalent across the ages and between the treatments (Fig. 3) . Levels of MAP averaged over the last 30 min before starting the infusions of ANG II were also equivalent across the ages, but significantly different between the treatments. Under both treatment conditions, MAP in response to ANG II stabilized at equivalent levels across the groups. The differences in ANG II-induced levels of MAP between the treatment conditions were also equivalent for all ages (Table  1 ). In addition, the differences between ANG II-induced levels of MAP and the starting, initial values were significantly less after treatment with minoxidil compared with after control treatment (main effect, F 1,18 ϭ 115.78, P Ͻ 0.001; Table 1 ). During reduced pressure conditions, treatment with minoxidil caused similar reductions in MAP across the groups (F 2,18 ϭ 0.87, P Ͼ 0.05, Table 1 ). However, old rats required slightly lower doses of minoxidil to produce similar decreases in blood pressure than young and middle-aged rats, probably because of diminished baroreflex buffering of minoxidil-induced hypotension (30) . The means Ϯ SE for minoxidil doses were: 1.2 Ϯ 0.1, 1.3 Ϯ 0.1, and 0.9 Ϯ 0.1 mg/kg at 4 mo, 12 mo, and 29 mo, respectively; F 2,18 ϭ 5.42, P Ͻ 0.05. A main effect of age (F 2,18 ϭ 3.68, P Ͻ 0.05) indicated that MAP, when averaged over time and treatment, was lower for young rats compared with the other groups. For HR, all main effects and most interactions were significant, including a three-way interaction of time ϫ treatment ϫ age (F 4,36 ϭ 4.73, P Ͻ 0.01). Both the initial HR and the HR averaged over the last 30 min before the start of the ANG II infusions were significantly less in old rats compared with in young and middle-aged rats under both treatment conditions (Fig. 3) . Infusion of ANG II significantly reduced HR for all ages. ANG II-induced levels of HR were significantly higher after minoxidil treatment than after control treatment, and the difference in ANG II-induced HR responses between the treatment conditions was significantly greater for young rats compared with both other groups ( Table 1 ). The differences between ANG II-induced levels of HR and the initial values were significantly smaller after minoxidil treatment than after control treatment, and decreased significantly with age under control conditions (time ϫ age interaction, F 2,18 ϭ 6.72, P Ͻ 0.01; Table 1 ).
Urine was collected at the end of testing and measured for volume (Table 2 ). Absolute measures of UV were significantly reduced after pretreatment with minoxidil compared with control conditions (treatment main effect, F 1,18 ϭ 124.53, P Ͻ 0.001), and increased significantly with age (age main effect, F 2,18 ϭ 7.57, P Ͻ 0.01). Water balance, calculated as the difference between UV and water intake, was significantly greater for all groups after minoxidil pretreatment (treatment main effect, F 1,18 ϭ 101.37, P Ͻ 0.001) and was higher, overall, in middle-aged rats compared with the other groups (age main effect, F 2,18 ϭ 5.84, P Ͻ 0.05). When adjusted for body weight, UV was reduced after treatment with minoxidil for all groups (treatment main effect, F 1,18 ϭ 116.83, P Ͻ 0.001) but was no longer age-related. Analysis of body weightadjusted water balances revealed that all effects were significant. All groups had greater body weight-adjusted water balances after pretreatment with minoxidil compared with control conditions. Additionally, water balance was significantly greater after minoxidil pretreatment in young rats compared with old rats (treatment ϫ age interaction, F 2,18 ϭ 4.39, P Ͻ 0.05).
To assess the sensitivity of the water drinking, UV, and water balance responses to changes in arterial pressure, we calculated slopes of these responses in relation to changes in arterial pressure by the rise overrun method. For each animal, we used the 3-h cumulative measures of these responses (y values) and changes from initial MAP during intravenous ANG II (x values) under both treatment conditions. We analyzed the resulting slopes by two-way ANOVA with response (i.e., water intake, urine volume, and water balance) as the within-subjects variable and age as the between-subjects variable. The means Ϯ SE of the slopes for body weight-adjusted water intake, urine volume, and water balance measures were Ϫ0.01 Ϯ 0.01, 0.05 Ϯ 0.01, and Ϫ0.06 Ϯ 0.01 (ml/100 g)/mmHg, respectively. There were no effects of age. However, the slopes for the responses differed significantly from one another, revealing that both urine volume and water balance change significantly more as a function of change in arterial pressure than does water drinking (main effect, F 2,36 ϭ 75.27, P Ͻ 0.001).
As a measure of baroreflex sensitivity, we used the rise overrun method to calculate slopes of the relationship between changes in HR (⌬HR; y values) and ⌬MAP (x values) using data obtained at 30 min postinjection of minoxidil and after 30 min of infusion of ANG II for each animal. The slopes for both young and middle-aged rats were significantly different from those of old rats (age main effect, F 2,18 ϭ 4.72, P Ͻ 0.05), but were not different from each other. The differences in slopes indicate that baroreflex-mediated changes in HR in old rats were less than half as sensitive to changes in arterial blood pressure as were those in young and middle-aged rats. The means Ϯ SE for the slopes were: Ϫ2.55 Ϯ 0.36, Ϫ2.08 Ϯ 0.30, and Ϫ1.01 Ϯ 0.29 beats·min Ϫ1 ·mmHg Ϫ1 at 4 mo, 12 mo, and 29 mo, respectively.
In a separate test, we injected ANG II as a subcutaneous bolus and compared the pattern of arterial pressure and HR changes to those obtained in response to continuous intravenous administration in the young Brown Norway rats under control conditions (Fig. 4) . In response to bolus subcutaneous administration of ANG II (200 g/kg body wt), arterial pressure increased 70 mmHg within 5 min and then rapidly recovered, approaching basal levels by 90 min postinjection.
The results from more than half (n ϭ 7) of the old rats did not meet the criterion for inclusion in the analysis. Minoxidil treatment did not produce levels of ANG II-induced arterial pressure that were sufficiently different from corresponding levels obtained during control conditions in these nonresponding old rats. The average treatment differences in MAP and HR during intravenous ANG II for the excluded old rats and for the old rats that were included in the analysis were 9 Ϯ 2 vs. 32 Ϯ 6 mmHg and Ϫ5 Ϯ 10 vs. Ϫ42 Ϯ 15 beats/min, respectively. Unlike the responders, the nonresponders as a group had a complete lack of reflex tachycardia following injection of minoxidil, and their urine volume was unaffected by minoxidil treatment. However, there were no significant differences between the responders and nonresponders on any other measure, including drinking. That is, old rats drank similar amounts of water in response to intravenous ANG II whether there were significant (i.e., Ͼ20 mmHg) differences in levels of arterial pressure between the treatment conditions (responders) or not (nonresponders). Together, the results from both groups of old rats emphasize how little drinking by old rats is affected by levels of arterial pressure and HR.
DISCUSSION
The main results of this study were the following: under control conditions, middle-aged adult (12 mo) and old (29 mo) rats drank more water in response to intravenous infusions of ANG II than young (4 mo) rats on an absolute basis and drank as much water as young rats on a body weight-adjusted basis. Young rats increased their drinking response to ANG II under conditions in which arterial blood pressure was initially reduced, so that levels of MAP in response to ANG II stabilized at significantly lower levels than under control conditions, but middle-aged and old rats did not. Urine volume during testing increased significantly with age on an absolute basis and decreased significantly across age on an absolute or body weight basis when the levels of arterial pressure in response to ANG II were reduced by prior injections of minoxidil. Water balance at the end of testing was highest for middle-aged rats, and was significantly greater after minoxidil pretreatment than after control treatment. As with previous studies, analysis of HR indicated that old rats had severely impaired baroreflex responses compared with young and middle-aged animals (1, 2, 10, 14, 27, 30).
Previous work has examined age-related drinking in response to ANG II in rats. Silver et. al (26) conducted a dose-response analysis of age-related drinking to ANG II. They found that when water intake was adjusted for body weight, young (3 mo) rats drank significantly more than all other age groups (12, 20 , and 24 mo) at most doses, indicating age-related declines in drinking to ANG II. Other groups did not find consistent age-related differences in drinking to ANG II in rats when water intakes were analyzed either as absolute or body weight-adjusted measures (19, 24, 25) . In those studies, the ANG II tests were part of a series of diverse thirst challenges. In all of these studies, ANG II was administered in a subcutaneous bolus in tests lasting 1-2 h using similar age ranges (ϳ3-24 mo). The design of our experiment differed from all previous work in that we administered much lower total amounts of ANG II directly into the vasculature using constant intravenous delivery for 3 h. Our young rats drank as much in response to ANG II as middle-aged and old rats in the first hour of testing, but drank significantly less in the remaining 2 h. Notably, the pattern of cardiovascular changes during acute bolus and constant intravenous administration are very different. As seen in Fig. 4 , bolus subcutaneous administration of ANG II causes an immediate spike in arterial pressure and correspondingly sharp reduction in HR that lasts only a few minutes before returning towards baseline. On the other hand, continuous intravenous administration of ANG II requires nearly an hour to produce maximal changes in arterial pressure and HR, and the levels of MAP and HR remain fairly constant for the remainder of testing (Figs. 3 and 4) . These contrasting patterns of cardiovascular changes between the two modes of 
Values are means Ϯ SE. Water intake, urine volume, and water balance measures over 3 h of infusion with ANG II. Balance measures do not include ϳ2.4 ml of infusion volume. There were main effects of age for all absolute measures, but not for body weight-adjusted measures. *Significantly different from young rats, P Ͻ0.05; †significantly different from both the other groups, P Ͻ0.05; ‡significantly different from control values, P Ͻ0.05. administration suggest that pressure-related mechanisms may exert inhibitory influences on drinking behavior with distinctly different time courses during testing: 1) immediately, but perhaps briefly, upon subcutaneous delivery of ANG II, and 2) with some delay, but persistently, upon intravenous delivery of ANG II.
Old animals have deficient drinking responses to procedures involving hypovolemia and hypotension that depend on generation of endogenous ANG II to stimulate thirst (19, 24, 25, 30, 33) . Deficient drinking by old animals in response to hypovolemia/hypotension may be due to impaired renin release and insufficient generation of circulating ANG II, to impaired ANG II receptor function or to postreceptor signaling impairments. Our finding that old rats drink as much, or more, water in response to intravenous infusion of ANG II as young rats indicates that old rats are as able as young rats to sense and to respond to circulating ANG II. Therefore, the present work supports the idea that old rats drink less in response to hypovolemia/hypotension because they fail to secrete enough renin to generate dipsogenic levels of ANG II (24, 25, 30) . That is, impaired thirst in response to hypovolemia/hypotension in old rats is less a problem of signal transduction and more a problem of generating sufficient signal.
The dose of intravenous ANG II we employed (50 ng·kg body wt Ϫ1 ·min Ϫ1 ) produces large increases in arterial pressure and modest water intakes (8) . Reductions in MAP have been shown to increase drinking in previous studies (8, 23) . We have shown that a similar effect is present in young rats, but not in middle-aged or old rats. Our experimental strategy was similar to one used previously by us (31, 32) and others (8, 23) . We injected minoxidil intranvenously and allowed arterial pressure to fall for 1 h before starting intravenous infusions of ANG II. By blocking endogenous formation of ANG II with captopril, relatively low doses of minoxidil reduced MAP by similar amounts across the ages. Under control conditions, blood pressure and HR results were consistent with previous work. Initial MAP was similar across the groups (30), although it is often slightly higher in older animals (3, 7, 35) . Baseline HR was considerably lower in old rats (3, 7, 30, 35) . In response to intravenous infusion of ANG II, arterial pressure increased similarly across the age groups, as a function of change from initial values (3) , and stabilized at equivalently high levels. When MAP first was reduced by minoxidil treatment, arterial pressure increased less from initial values in response to intravenous ANG II for all groups and stabilized at significantly lower levels than under control conditions (Fig. 3) . HR was reduced substantially from initial values during infusion of ANG II under both treatment conditions, but was reduced less in older animals under control conditions, probably as a function of their impaired HR baroreflex responses (10, 14) .
It seems reasonable to speculate that the greater drinking responses of old rats compared with young rats under control conditions can be explained by diminished baroreflex-mediated inhibition of drinking in the older animals. Similarly, the impaired baroreflex mechanisms of old rats should make them less sensitive to the facilitatory effects of reduced arterial pressure on drinking. For young rats, reductions in arterial pressure remove baroreflex inhibition of drinking behavior. For old rats, the underlying baroreflex inhibitory mechanism is defective, so removing or reducing its residual influence adds little to the drinking response. However, middle-aged rats also failed to significantly increase drinking in response to lowered levels of arterial pressure, and they have relatively normal baroreflex responses. Therefore, there may be age-related levels of other factors (e.g., atrial natriuretic peptide, oxytocin) in addition to baroreflex mechanisms to explain why young rats drank different amounts of water between the treatment conditions and middle-aged and old rats did not. However, it is worth noting that, although there were no significant age differences in absolute levels of ANG II-induced HR under control or reduced pressure conditions, the difference in HR between the treatment conditions was significantly greater in young rats compared with both middle-aged and old animals as was the reduction in HR from initial values during control conditions (Table 1 ). This may be evidence that young rats experienced significantly greater differences in baroreflex inhibition between the treatments and during control conditions compared with both of the other groups, which could serve as the basis for the young rats drinking different amounts of water between treatment conditions while both of the other groups did not.
We observed effects of arterial pressure on UV and water balance at all ages. Under control conditions in which arterial pressure rose to high levels in response to ANG II, nearly every animal excreted more water than it ingested, and the resulting water balances were uniformly negative across groups. However, when arterial pressure was initially reduced so that maximal levels of arterial pressure in response to ANG II were lower, urine volumes were substantially less, most animals ingested more than they excreted, and the resulting water balances were uniformly positive across groups. Urinary excretion and water balance were more sensitive to changes in MAP than was drinking behavior at all ages.
In summary, based on measures of water consumption, middle-aged adult and old rats appear as capable as young rats of sensing and responding to ANG II that is delivered to them by intravenous infusion. However, there are age-related differences in how the drinking responses to ANG II are influenced by prevailing levels of arterial pressure or to some other factor that varies with arterial pressure.
Perspectives and Significance
With an increasingly aging population, it is critical to understand how impairments in thirst sensation in the elderly contribute to their problems of maintaining adequate hydration. Like the elderly, old rats have diminished thirst and impaired kidney function (4, 19, 24, 30, 33) making them a useful model and valuable tool for exploring diminished water ingestion and impaired excretion in aging animals. Exploring the reasons for these impaired responses is likely to lead to better understanding of why there are similar deficits in the elderly. The current literature suggests that old rats do not generate sufficient endogenous ANG II to elicit thirst in response to hypovolemia and hypotension, yet sense and drink in response to ANG II when it is provided by subcutaneous or intravenous administration. These results suggest that central neural mechanisms that mediate the drinking response to ANG II must be relatively intact in old animals. However, there is a caveat: the impaired baroreflex responses of old rats may actually permit them to ingest more than young rats by providing less inhibition from the increase in arterial pressure. Thus, reduced inhibition from baroreceptors in old rats may mask impaired sensing of ANG II by old rats, thereby permitting seemingly normal drinking responses.
GRANTS
